Introduction
The importance of the regulation of RNA metabolism in eucaryotes has emerged during the last decade. This level of post-transcriptional regulation involves RNA binding proteins that play a role in all steps of RNA maturation, as well as in the regulation of mRNA stability, localization and translation (reviewed in Siomi and Dreyfuss, 1997) . Sequence analysis of the complete Drosophila genome demonstrates its importance, since in addition to 694 transcription factors, 259 putative RNA binding proteins were identified (Adams et al., 2000) .
To investigate the regulation of RNA metabolism in neurons, we are studying the function of the ELAV family of RNA binding proteins, which are present in all metazoans. The Drosophila ELAV protein, encoded by the gene embryonic lethal abnormal visual system, or elav, is the first identified member of this family (Yao et al., 1993) . ELAV and its homologues contain three RNA recognition motifs (RRM) with characteristic ribonucleoprotein consensus sequences (reviewed in Antic and Keene, 1997; Good, 1997; Keene, 1999) . RRMs are present in proteins involved in diverse processes of RNA metabolism and translation (reviewed in Siomi and Dreyfuss, 1997) . ELAV and its homologues are thought of as trans-acting factors, which modulate the expression of specific genes at a posttranscriptional level through binding to target RNAs. The sequence of the Drosophila genome predicts 114 proteins with RRMs, making this the largest class of RNA binding proteins in the fly genome (Adams et al., 2000) .
ELAV is present in neuronal nuclei throughout development (Robinow and White, 1991) and is required both for normal neuronal differentiation and its maintenance (Yao et al., 1993) . A second Drosophila member of the elav family, rbp9, was thought to be exclusively expressed in neuronal nuclei of the CNS starting during the third larval instar (Kim and Baker, 1993) . However, RBP9 protein is also present in the cytoplasm of the cystocytes and later of the oocytes. rbp9 null mutants are female sterile, reflecting a requirement for RBP9 in the female germ line (Kim-Ha et al., 1999; Lee et al., 2000) , but no neuronal defect has been identified.
The human paralogues of ELAV share about 60% identity with the Drosophila protein over conserved regions of approximately 300 amino acids. Except for the ubiquitous HuR (aka ELAVL1) whose role in cell proliferation and differentiation is being examined (Wang et al., 2000; Wang et al., 2001) , the vertebrate ELAV paralogues are early markers of neuronal differentiation (Marusich et al., 1994) . In addition, their up-regulation in rodent hypocampal neurons having learned a spatial discrimination paradigm suggests a role in memory storage (Quattrone et al., 2001) .
The molecular functions of ELAV and its homologues have been extensively studied. elav autoregulates via a mechanism involving a long 3 0 untranslated region (3 0 UTR) and causes gene dosage-independence of its expression (Samson, 1998) . ELAV also stimulates the accumulation of neuron-specific alternative forms of mRNAs for the neuroglian (nrg), erect wing and armadillo genes (Koushika et al., 2000; Lisbin et al., 2001) , and cross links to nrg RNA, consistent with a role for ELAV in the regulation of alternative splicing of the 3 0 introns and/or the polyadenylation of nrg RNA (Lisbin et al., 2001) . RBP9 has been proposed to downregulate the expression of specific genes through binding to their mRNAs (Kim-Ha et al., 1999; Park et al., 1998) . Vertebrate ELAV proteins modulate mRNA turnover and translation, two intimately interdependent processes (Reviewed in Gray and Wickens, 1998) . In agreement with this model, overexpression of Hel-N1 in cell culture causes the recruitment to polysomes of mRNAs encoding the GLUT1 (glucose transporter 1) and NF-M (neurofilament M) proteins, leading to their increased synthesis (Antic et al., 1999; Jain et al., 1997) . These mRNAs contain AU rich elements (AREs) that are found in the 3 0 UTR of short-lived mRNAs. Furthermore, HuD binds in vitro the 3 0 UTRs of a variety of mRNAs Joseph et al., 1998; Ma et al., 1997) , and influences mRNA stability when Fig. 1 . Protein sequence alignments between the virtual translation of cDNA-28h (FNE), the previously identified Drosophila proteins of the ELAV family (RBP9 and ELAV) and their human paralogues (HuD, HuC, HelNI and HuR, see Section 4). A consensus sequence (plurality 5) is shown below the alignment. Bold characters are used for residues present in all seven species. The three pairs of conserved RNP-1 and RNP-2 motifs characteristic of proteins with RRMs are underlined. A conserved motif important for the cellular localization of ELAV and HuR is underlined with dashes (Fan and Steitz, 1998a; Yannoni and White, 1999). overexpressed in murine fibroblasts (Manohar et al., 2001) . Finally, overexpressed HuR, the ubiquitous ELAV-like protein, antagonizes the decay of mRNAs that contain AREs in cell culture (Fan and Steitz, 1998b; Myer et al., 1997; Peng et al., 1998) . Direct binding of HuR to AREs has been demonstrated in vitro (Myer et al., 1997) .
Some aspects of post-transcriptional regulation are specific to neurons. In particular, targeted subcellular localization of specific mRNAs permits the local synthesis of proteins specifically in neurites (reviewed in Job and Eberwine, 2001) . Another important post-transcriptional regulatory mechanism in neurons is regulated splicing, which allows for the generation of alternative forms of proteins necessary to provide finely tuned responses to external signals (reviewed in Grabowski and Black, 2001 ). Additional mechanisms involved in the regulation of RNA metabolism and translation obviously play important roles in neurons, as they do in all cells.
We have identified a new component of the posttranscriptional regulation of neuronal gene expression in Drosophila that we refer to as found in neurons ( fne). FNE protein is a member of the ELAV protein family. Both ELAV and FNE bind nucleic acids in vitro, although with different specificities. fne is expressed throughout Drosophila development and its product is specifically restricted to the neuronal cytoplasm during embryogenesis. Finally, we show that fne overexpression in the neurons of embryos causes a decrease in the level of stable elav transcripts, indicating that fne regulates elav.
Results
2.1. A head cDNA clone encoding a predicted 356 amino acid polypeptide shares similarity with elav cDNA-28h was isolated by screening a Drosophila head cDNA library with an elav probe. Its 1442 nucleotide long sequence is 56.6% identical to the probe. It contains an open reading frame (ORF) of 356 amino acids, initiated with a methionine (GenBank Accession AF239667). The sequence surrounding the ATG codon (ACAATGA) matches the minimal Kozak translation initiation consensus (A/GXXATGX). Alignment of the cDNA and the corresponding genomic sequence (Adams et al., 2000) reveals 5 exons in the protein coding region. Based upon the analysis presented in this report, we named the gene corresponding to cDNA-28h found in neurons ( fne).
Comparison of FNE with related proteins
Database searches with the ORF encoded by fne reveals the extent of its similarity with other members of the ELAV family. We compared the sequences of the three Drosophila and four human homologs (Fig. 1) . The most conserved regions are the RRMs, characterized by two conserved motifs, a hexamer named RNP-2 and an octamer named RNP-1. These motifs are identical in the first and second RRMs of the compared proteins, except for single positions in RNP-2 and RNP-1 in the second RRM of human HuR (Fig. 1 ). In the third RRM, the conserved motifs are identical in RBP9 and FNE, but differ from ELAV at single positions in RNP-2 and RNP-1. A conserved octamer important for the cellular localization of the proteins (Fan and Steitz, 1998a; Yannoni and White, 1999 ) is present in the hinge region between RRM2 and RRM3. Two additional conserved regions are found, respectively, in RRM3 (11 identical residues, except for one position in HelN1 and HuR), and at the C terminus (9 identical residues, except for one position in HuC). Three elav point mutations have been mapped in the 11 residue conserved region (Samson et al., 1995) , but no specific function has been experimentally assigned to these motifs.
FNE shares 74 and 61% identity with Drosophila RBP9 and ELAV, respectively, while ELAV and RBP9 share 52% identity (Fig. 2) . The four human proteins resemble each other more closely (69 -90% identity) than the three Drosophila proteins (52 -74% identity, Fig. 2 ). Strikingly, the lowest percentage of identity is between two Drosophila proteins (ELAV and RBP9, 52%), not between a human and a Drosophila protein (55 -64% identity).
Mapping of fne
Mapping of the fne gene by in situ hybridization to polytene chromosomes of salivary glands revealed a single site of hybridization on the X chromosome at 11D (results not shown), consistent with the data from the genome sequence (Adams et al., 2000) . The elav and the rbp9 genes, respectively, at 1B and 23C were not revealed by the fne antisense RNA probe.
We mapped the fne gene relative to deficiency breakpoints by Southern blot analysis. Females carrying a complete X chromosome and an X chromosome bearing a deficiency affecting the 11D region were compared (Fig.  3A,B ). All such females carry two copies of the elav gene (in 1B), and one or two copies of fne (in 11D), depending upon the position of the breakpoints. Comparison of hybridization signals between fne and elav probes reveal that fne is unaltered in Df(1)C246, since the relative fne hybridization intensity is the same in Df(1)C246/ þ and in FM6/FM6 females (Fig. 3A , lanes 3 and 5). However, fne is deleted in Df(1)N12, Df(1)N105 and Df(1)wy26 (Fig. 3A , lanes 1,2,4). This data refines the mapping of fne to 11D1 (Fig. 3B ).
FNE and ELAV do not show the same nucleic acid binding properties in vitro
In order to assess the RNA binding properties of FNE, we performed an in vitro assay used for the classification of RNA binding proteins (Swanson and Dreyfuss, 1988) . FNE specifically and efficiently binds polyuridylic acid at 100 mM NaCl, and binding is reduced but persists at 1 M NaCl (Fig. 4A,B) . ELAV is more versatile in this assay. At 100 mM NaCl, it similarly binds to single and double stranded DNA, and to polyuridylic acid (Fig. 4C ). However, at 1 M NaCl, DNA binding by ELAV is abolished, and only reduced binding to polyuridylic acid persists (Fig. 4B,D) . Binding assay between GST fusion proteins and nucleic acids: (1) input protein, (2) molecular weight markers. Protein retained by (3) single stranded DNA, (4) double stranded DNA, (5) polyguanylic acid, (6) polyadenylic acid, (7) polyuridylic acid, (8) polycytidylic acid: (A and C) 100 mM NaCl, (B and D) 1 M NaCl. The apparent molecular weights of GST -FNE and GST -ELAV are 50 and 55 kDa, respectively. GST alone does not bind nucleic acids in this assay (not shown). (5) 16-20 h embryos, (6) 20-24 h embryos, (7) 1st instar larvae, (8) 3rd instar larvae, (9) pupae, (10) adults, (11) adult heads. RP49 RNA is the loading control. The same RNA preparations were used to run gels A and B. (C1 and C2): 0 -24 h embryonic RNA. C1 and C2 are from the same transfer cut before hybridization, and show the specificity of elav and fne probes. These probes do not detect the 3.5 kb rbp9 transcripts appearing during late third larval instar (Kim and Baker, 1993) . elav transcripts are produced only after the birth of postmitotic neurons (Robinow and White, 1988) , and detection of elav (and fne) transcripts in the 0-4 h window probably reflects a delay between fertilization and laying.
The fne transcript pattern is complex and developmentally regulated
The transcript structure and expression of fne was examined during development on northern transfers (Fig.  5A ). Three major developmentally regulated transcripts were detected, all larger than the 1.4 kb fne cDNA-28h that includes a complete ORF. This suggests that cDNA-28h is truncated, probably missing large 5 0 or 3 0 untranslated sequences. Note that the minimal size of elav transcripts (Fig. 5B ) also greatly exceeds the size of the elav ORF (1.5 kb). It is known that elav transcripts contain a long 3 0 UTR, essential for normal expression of the gene (Samson, 1998) .
Similar to fne, elav encodes multiple developmentally regulated RNAs (Fig. 5B) . Comparison of fne and elav stable transcript patterns shows that the onset of abundant embryonic expression is delayed for fne compared to that of elav (Fig. 5) . Otherwise, transcript accumulation from each gene is remarkably synchronized during the course of development. Both elav and fne transcripts are enriched in head extracts (Fig. 5A ,B, lanes 10, 11), consistent with neuron-specific expression.
fne is expressed in the nervous system during embryonic development
In order to define the embryonic expression pattern of fne, we performed in situ hybridization and immunodetection of its products. We show as a reference, the data for elav, which is expressed early in all neurons White, 1988, 1991) . At stage 11, fne transcripts are observed in the CNS (ventral nervous system and brain lobes, Fig.  6A ) and a low level of FNE protein is detected in the ventral nervous system (Fig. 6B) . At stage 12, fne transcripts are found in the CNS and in the PNS, while the protein is only detected in the CNS. At stage 13 -14, transcript and protein patterns overlap, with signal in both the CNS and the PNS (Fig. 6A,B) . Finally, in older embryos, fne transcripts become undetectable in the PNS but are still detected in the CNS, while FNE protein is seen in both the CNS and the PNS (Fig. 6A,B) . fne transcript patterns (Fig. 6A ) and ELAV protein patterns in neurons (Fig. 6D ) are strikingly similar, with the exception of the PNS of stage 17 embryos, where fne transcripts are undetectable. Both FNE and ELAV remain detectable in the PNS at the end of embryogenesis, while transcripts are missing, suggesting that FNE and ELAV are stable proteins.
FNE is concentrated in neuronal cytoplasm
To refine the cell specificity of fne expression, we performed in situ hybridization with an antisense fne probe following ELAV immunodetection, which reveals neuronal nuclei (Fig. 7) . We found that fne like elav, is specifically transcribed in neurons.
Examination of immunostained tissues at high magnification suggests that the anti-FNE antibody recognizes a cytoplasmic antigen (Fig. 8A) , while anti-ELAV recognizes an antigen concentrated in neuronal nuclei (Fig. 8B , Robinow and White, 1991) . Double labeling experiments reveal that anti-FNE immunoreactivity surrounds neuronal nuclei, from which it is excluded (Fig. 8C -E) . We, therefore, conclude that FNE is concentrated in neuronal cytoplasm.
fne transcripts and proteins are produced in elav mutants
Our data underlines the similarity in elav and fne expression. The parallel between the patterns of ELAV protein and fne RNA in embryos suggested the possibility of direct regulation of fne by elav. In order to determine if ELAV is necessary for fne expression, we analyzed mixed populations of 8 -18 h elav þ and elav null embryos (see Section 4). In a typical experiment, 202 embryos were ELAV immunoreactive while 121 were not. Subsequent in situ hybridization, with an antisense fne probe showed that all the embryos produce fne transcripts in an apparently normal pattern, irrespective of the elav genotype.
We, similarly tested for FNE protein synthesis in an elav null background, performing immunodetection with anti-ELAV antibody on a segregating population of elav þ and elav null embryos. In a typical experiment, we obtained 237 elav þ (ELAV-immunoreactive) mixed with 105 elav null (no ELAV immunoreactivity) embryos. The latter were manually sorted and immunodetection was performed with anti-FNE antibody. All showed anti-FNE immunoreactivity in the PNS and CNS. We, therefore, conclude that both fne transcripts and protein are produced in the absence of ELAV.
Overexpression of fne in neurons
In order to provide better insight into fne function, we attempted to identify fne mutants in collections of known P element insertions (FlyBase, 1999) , but none of the lines that we tested or generated, mapped in fne (see Section 4). As an alternative to mutant analysis, we overexpressed fne specifically in neurons using the GAL4-UAS system (Brand and Perrimon, 1993) . We combined three chromosomes allowing GAL4 expression (see Section 4) under the control of the elav promotor with two chromosomes carrying a P{UAS-fne.C} transgene (Chalvet and Samson, 2002) , generating six types of overexpressing individuals. In the six cases, we determined: (1) the fraction of eggs that hatch as first instar larvae (L1); (2) the fraction of L1 that develop at least until puparium formation, and (3) the fraction of L1 that hatch as adults (Table 1) . Hatching of overexpressing embryos is fairly poor (30 -48%), but not significantly different from the controls. In contrast, the larval development of individuals overexpressing fne is dramatically altered. As little as 0% and no more than 63% of the overexpressing L1 undergo pupariation, depending upon the specific genetic combinations, while in controls 74 -96% of the L1 underwent pupariation. The severity of the effect is primarily dependent upon the particular chromosome mediating GAL4 expression. Overexpression directed by P{GAL4-elav.L}G1:9 (Luo et al., 1994) has the most severe effect, in which development is arrested at the second larval instar. The larvae survive 10 -12 days without additional growth or molting, and finally die. Overexpression directed by elav C155 (Lin and Goodman, 1994 ) has milder consequences, with late larval death following the appearance of dark spots suggesting necrosis. Only 10 -43% of the developing L1 undergo pupariation. P{GAL4-elav.L}G1:10 (Luo et al., 1994) causes the least dramatic effects, with developmental arrest occurring at all three larval stages, and reductions in the fraction of L1 that develop to undergo pupariation to 39-63%. Most (92 -100%) of the pharate adults give rise to apparently normal individuals.
Immunostaining of embryos from the various fne overexpressing combinations shows apparently normal CNS and PNS (anti-ELAV and anti-FNE immunodetection, not shown), and a normal neuropil (anti-HRP immunodetection, not shown).
Overexpression of fne in neurons is associated with a decrease of stable transcript levels produced from the endogenous fne and elav loci
Northern transfers revealed a new abundant 2.5 kb transcript in 12 -20 h old embryos carrying one chromosome directing GAL4 expression under the control of the elav promotor combined with a P{UAS-fne.C} transgene (Fig. 9B) . The size of the new RNA is consistent with the / þ or Y; P{UAS-fne.C}4-10B/ þ , (6) P{GAL4-elav.L}G1:9/ þ ; P{UAS-fne.C}3-7A/ þ , (7) P{GAL4-elav.L}G1:9/ þ ; P{UAS-fne.C}4-10B/ þ , (8) P{GAL4-elav.L}G1:10/ þ ; P{UAS-fne.C}3-7A/ þ , (9) P{GAL4-elav.L}G1:10/ þ ; P{UAS-fne.C}4-10B/ þ . Sizes are in kb. structure of the P{UAS-fne.C} transgene (Chalvet and Samson, 2002) . Notably, in fne overexpressing embryos, the levels of stable transcripts produced from the endogenous fne and elav loci are both reduced (between two-and eightfold compared to normal levels, depending upon the genetic combinations), although transcript patterns are unchanged (Fig. 9) . This data suggests the existence of regulatory interactions between fne and elav.
Discussion

The Drosophila genome contains three elav-like genes
Based upon the characterization of a new cDNA, we identified a Drosophila gene that we call fne. It encodes a predicted protein with three RNA recognition motifs, RRMs. Searches of protein sequence databases reveals that the 356-amino acid-long FNE is a new member of the ELAV family. In vitro binding assays demonstrate the RNA binding capability of FNE. Comparison with ELAV in the same assays indicates that the proteins have distinct nucleic acid binding properties, although they both show a high affinity for polyuridilyc acid. Thus, fne qualifies as a third Drosophila member of the elav multigene family.
Conceptual translation of the Drosophila genomic sequence (Adams et al., 2000) relying upon the prediction of best splicing sites, generates a shorter protein (Accession AAF48215) missing 18 residues between RNP-2 and RNP-1 of RRM1 of the FNE encoded by cDNA-28h, suggesting that there might be a second form of FNE protein. New fne cDNA/ EST sequences will be necessary to verify this possibility. No alternative forms of ELAV have been reported, but do exist for RBP9 (Kim and Baker, 1993) and for some of the vertebrate paralogs (Antic and Keene, 1997) . Strikingly, similarity is higher among the four vertebrate ELAV than it is among the three fly proteins. In addition, FNE/RBP9 resemble the vertebrate ELAV as well as, if not better than, Drosophila ELAV. These observations underline the complex evolutionary relationships among the different ortho-/paralogues. One scenario is that fne and rbp9 derive from a duplication of an ancestral gene that had already diverged from elav, possibly before the separation of vertebrates and invertebrates. The human genes might thus derive from two rounds of duplication of the fne/rbp9 ancestor. The functional relationships among the different members of the family within and between species remain unclear, but the specific differences seen in their subcellular localization and in their nucleic acid binding properties in vitro are suggestive of different or complex functions.
Similar to elav, fne transcripts contain long untranslated regions
The fne cDNA, that we identified, contains a 1068 nucleotide-long ORF, spanning 2.8 kb of genomic sequence. Transcripts whose sizes range from 4 to at least 8 kb, reveal the presence of unusually long untranslated region(s) in fne RNA. Genome analysis predicts fne untranslated regions of up to 500 nucleotides 5 0 and up to 6 kb 3 0 to the gene (Adams et al., 2000; Rubin et al., 2000) .
We do not know the significance of unusually long UTRs in the case of fne. The elav gene contains a 6 kb long 3 0 UTR (Samson, 2000) whose important role in normal elav function has been demonstrated (Samson, 1998) . In general, 3 0 UTRs act in cis to regulate mRNA translation, stability, and localization through association with regulatory proteins (Siomi and Dreyfuss, 1997) or with antisense RNA (Reinhart et al., 2000) . 3 0 UTRs also play a role in trans in myoblast growth and differentiation (Rastinejad and Blau, 1993) . These possibilities remain to be explored in the case of fne and elav.
fne expression does not require ELAV
We found that fne is expressed in most, if not all neurons of the central and peripheral nervous system during embryogenesis. Consistent with the enrichment of fne transcripts in heads and the similarity between elav and fne transcript patterns, we believe that fne expression remains specific to the nervous system in later stages. FNE protein appears in embryonic neurons shortly after ELAV, and it is also produced in elav null embryos. As opposed to ELAV, FNE is essentially cytoplasmic. The apparent subcellular localization of proteins only partly reflects their presence and function in cell compartments. For instance, HuR appears nuclear but shuttles between nuclei and the cytoplasm, where it is thought to be involved in mRNA stabilization (Atasoy et al., 1998) . Nevertheless, the different subcellular localizations of FNE and ELAV suggest different molecular functions.
Overexpression of fne in neurons causes late developmental arrest
We overexpressed fne in neurons to analyze its function (Brand and Perrimon, 1993) , causing a significant developmental arrest during larval stages. ELAV ectopic expression in the wing disks was reported to lead to neo-function (Toba et al., 2002) . Although we cannot exclude the possibility that fne overexpression causes neo-function, we chose the elav promotor to restrict overexpression within normal fne cellular and temporal specificities and mimic a hypermorphic mutation. Indeed, the properties of the GAL4 expressing lines predict that the onset of fne overexpression is delayed compared to its normal onset, and that depending upon lines, the specificity of fne overexpression differs (see Section 4). This probably accounts at least in part for the differences in the severity of the phenotypes that we observed in different genetic combinations.
fne might regulate elav expression via a feedback mechanism
Overexpression of fne in neurons causes a decrease in the stable levels of both endogenous elav and fne transcripts in embryos. Although we cannot exclude that this reflects the occurrence of embryonic neuronal death, we do not favor this possibility because anti-ELAV immunocytochemistry showed apparently normal CNS and PNS in embryos. Rather, this data suggests that fne overexpression decreases the level of expression of the endogenous fne locus by autoregulation, and that of the elav locus by feedback regulation (since fne is expressed later than elav). It is not clear whether alteration of the stable transcript patterns has a significant repercussion on protein expression during embryonic stages, since both ELAV and FNE appear to be stable proteins. It may be that the effect is delayed, consistent with the larval lethality that we observe.
It is possible that fne autoregulates and regulates elav via direct binding to the RNAs produced by these genes. Consistent with this possibility, we found that both ELAV and FNE bind in vitro to a sequence present in the elav 3 0 UTR (Borgeson and Samson, unpublished) . A role for RBP9 in transcript downregulation has been previously reported (Park et al., 1998) . Additional experiments will be necessary to determine the mechanism by which FNE affects elav expression in neurons.
We presented molecular evidence that the genes fne and elav interact. Therefore, fne analysis is important not only to extend the description of elav multigene family and analyze post-transcriptional regulation but also to unravel the processes of neuronal differentiation and maintenance where elav plays an essential role.
Experimental procedures
Characterization of new cDNAs
A Drosophila head cDNA library lambda gt11 (Itoh et al., 1985) was screened with a probe corresponding to 14.5 kb of the elav locus. Hybridization was performed at 428C in formamide 50%, SSC 5 £ , Denhard't 1 £ , sodium phosphate buffer 20 mM, pH 6.5, polyethylene glycol 6000 -8000 10%, cold competitor 100 mg/ml, and washes in SSC 0.5 £ , SDS 0.1% at 428C. Despite the use of stringent hybridization conditions, two identical cDNA clones (cDNA28h and cDNA29h) among the 32 purified originated from a transcription unit different from elav. cDNA-28h was analyzed further. The Eco RI insert was subcloned into bluescript (pcDNA-28h), and sequenced. Sequence analysis and comparisons were performed with the GCG Wisconsin Package (version 10.0; Genetics Computer Group, Madison, WI).
Protein sequence alignments
Nucleic acid and protein sequences were obtained from the following GenBank accession numbers: M21152 (ELAV), S55886 (RBP9), AF239667 (FNE), U38175 (HuR or ELAVL1), M62843 (HuD or ELAVL4), U12431 (HelNI or ELAVL2) and L26405 (HuC or ELAVL3). Alignments were generated with the GAP program of GCG.
Drosophila stocks and genetic analysis
Stocks with deficiencies in the 11D region (Df(1)N105, Df(1)N12, Df(1)C246 and Df(1)wy26) were obtained from Daniel Pauli and from the Bloomington stock center. To generate mixed populations of elav þ and elav 2 embryos, we used the stock FM6l/elav e5 /y þ sc Y (FM6l is a recessivelethal-bearing balancer chromosome, elav e5 a null elav allele and y þ sc Y a Y chromosome with a translocation of the X chromosome including elav, Samson, 1998) .
Using inverse PCR, we found that P{CaSpeR}C34.3 corresponds to an insertion in CG4346 , while P{lacW}l(1)G0208 and P{lacW}l(1)G0107 are insertions in hemipterous.
Two homozygous viable stocks from Liqun Luo carrying the transposon P{GAL4-elav.L} on the third chromosome (P{GAL4-elav.L}G1:9 and P{GAL4-elav.L}G1:10) were used. In these lines, GAL4 expression under the control of the elav promotor begins at stage 12 (Luo et al., 1994) and persists during larval stages (Schuster et al., 1996) . We also used P{GawB}elav C155 , abbreviated as elav C155 , an enhancer trap inserted in elav (embryonic expression starts at stage 12, peaks at stage 15 and is greatly reduced by stage 17, Lin and Goodman, 1994) . We observed that GAL4-directed GFP expression patterns in the brain also differ between lines during larval stages. In particular, during the first larval instar, brighter spots of fluorescence are mostly in the thoracic ganglion with P{GAL4-elav.L}G1:9 but are present throughout the brain with elav C155 . During the third larval instar, the fluorescence is extremely weak in the thoracic ganglion with P{GAL4-elav.L}G1:9.
The chromosomes P{UAS-fne.C}3-7A and P{UAS-fne.C}4-10B carry one insertion of the P{w þmC fne Scer\UAS.cCa ¼ UAS-fne.C} transgene, abbreviated as P{UAS-fne.C}, respectively, on chromosomes 2 and 3 (Chalvet and Samson, 2002) .
The fraction of embryos hatching into first instar larvae was determined by aligning 0-16 h old embryos (100) on sugar plates, and examination 30 h later. Batches of 100 first instar larvae were collected from egg laying plates and allowed to develop on standard cormeal media, to determine the fractions which pupariate, and develop into adults, respectively. All experiments were performed at 258C.
Nucleic acid binding assay
The purified GST-fusion proteins (Pharmacia Biotech) were GST -FNE (residues 15 -356, Fig. 1 ) and GST -ELAV (residues 75 -483, Fig. 1 ). 1 mg protein was incubated in 500 ml binding buffer Tris HCl pH 7.5 20 mM, MgCl 2 2.5 mM, Triton X100 0.5%, NaCl 0.1 or 1 M, 10 min, 48C with nucleic acid resins: single stranded DNA-cellulose (Sigma, D 8273), double stranded DNAcellulose (Sigma, D 8515), polyadenylic acid-agarose (Sigma, P 5643), polycytidilic acid-agarose (Sigma, D 9827), polyguanylic acid (Sigma, P 1908), polyuridylic acid (Sigma, D 8563). The resins were washed three times, 10 min, 48C in binding buffer, resuspended in 2 £ Laemmli loading buffer, incubated 5 min at 908C before SDS-PAGE electrophoresis, followed by Coomassie blue staining (Swanson and Dreyfuss, 1988) . 4.5. DNA and RNA analysis DNA was prepared from adult females and analyzed by Southern blot using standard techniques. Total RNA was prepared with the Guanidine-HCl extraction method (for developmental northern blots, Cox, 1968) or TRIzol reagent (Invitrogen, Inc.), separated on formaldehyde gels and transferred to nylon membranes. Hybridization was with single stranded antisense RNA probes at 658C with 50% formamide, and washes at 758C, as detailed in Rabinow and Birchler, 1989; Yao et al., 1993 . Relative levels of hybridization were determined by comparison of autoradiograms for 5, 18 and 72 h exposures, and identification of non-saturating bands of identical intensities.
In situ hybridization
In situ hybridization on whole-mount embryos was performed according to standard procedures with digoxygenin-labeled antisense RNA probes (Tautz and Pfeifle, 1989) . Such an fne probe detects transcripts in elav e5 embryos (see Section 3), demonstrating the specificity of the hybridization.
Immunocytochemistry
The GST -FNE7 protein fusion (containing FNE residues 73 -356) was injected in chickens and IgY were purified by polyethylene glycol precipitation (Gallina Biotechnology Inc, Canada). For immunodetection, fixed embryos were washed 15 min in 3% hydrogen peroxidemethanol, rinsed, incubated 3 times 30 min in PBS 1 £ , Tween-20 0.1%, heparin 50 mg/ml, tRNA 250 mg/ml (PBTH) with 15 ml/ml normal serum. Subsequent steps were according to standard procedures, with antibody incubations and washes in PBTH. Antibodies were used at the following concentrations: anti-FNE, 100 mg/ml; anti-ELAV monoclonal antibody (Samson, 1998) , 10 mg/ml; biotinylated anti-chicken IgY or anti-mouse IgG (Vector Labs), 6 mg/ml; FITC-conjugated affinity pure anti-chicken IgY and Rhodamine Red-X-conjugated anti-Mouse IgG (Jackson Immunoresearch),15 mg/ml. Preparations were examined with a light microscope.
Immunocytochemistry followed by in situ hybridization in embryos
We performed ELAV immunodetection with the ABC kit (Vector Labs) as described above. DAB development was stopped by washes in PBTH. Embryos were then postfixed, treated with proteinase K, and fixed again before in situ hybridization (Manoukian and Krause, 1992) .
